Mitochondria are found in all eukaryotic cells and are the cell's major generators of ATP through the biochemical process of oxidative phosphorylation, which takes place in the electron transfer chain (ETC). The ETC is the only cellular apparatus that is encoded by two genomes, namely the chromosomal and mitochondrial genomes. The circular double stranded mitochondrial genome (mtDNA) encodes 13 of the polypeptides of the ETC, 22 tRNAs and 2 rRNAs (1) . Replication of the mitochondrial genome is strictly regulated during development, passing from the primordial germ cells into developing and mature eggs and then (following fertilisation) through the undifferentiated cells of the embryo, the foetus and into mature cell types, which contribute to the organs of the developing offspring. The strict control of mtDNA replication is mediated by chromosomally encoded genes (whose protein products translocate to the mitochondrion) and is an essential component of mtDNA transmission. In particular, such control has important consequences for the transmission of mutant mtDNA from one generation to the next and for the tissue-specific acquisition of mtDNA.
Sperm Mitochondrial DNA
Although it is well documented that the mitochondrial genome is inherited in strictly maternal fashion (2) , this mode of inheritance is restricted to intraspecific crosses where sperm and oocytes originate from the same strain or breed. In Drosophila, for example, sperm mtDNA can be transmitted to both intra-and inter-specific derived offspring (3). Whilst certain species of male mussels can inherit male and female mitochondrial genomes, female offspring inherit only female mitochondrial genomes (4). Sperm mtDNA is only transmitted in interspecific crosses of mice and large animal breeds but this transmission is limited to the immediate generation and not subsequent generations (5) . Two mechanisms for targeted destruction of sperm mtDNA have been proposed, both taking place within the early embryo prior to the activation of the embryonic genome. The first proposes that sperm mtDNA is eliminated by a process of ubiquitination (5) . In this case, sperm mitochondria are labelled with ubiquitin early during development and, following fertilisation, the ubiquitin label is recognised by the oocyte's ubiquitin machinery and is targeted for proteolysis. This process has been observed in larger mammals, such as cattle and non-human primates. The second mechanism involves the active digestion of sperm mtDNA within mitochondria, again in the early embryo, and has been described in Japanese medaka (rice fish) (6) . The elimination of sperm mtDNA following intraspecific crossing ensures the uniparental (maternal only) inheritance of mtDNA. It also ensures that the deleterious male mtDNA genome is not transmitted. Sperm mtDNA is more likely to harbour mtDNA variants and large scale deletions than oocyte mtDNA. Indeed, the consequence of sperm mtDNA transmission was demonstrated in the one reported clinical case of a male patient suffering from a muscle myopathy originating from a 2-base pair deletion in his father's sperm mtDNA (7).
Maternal Transmission of Mitochondrial DNA
Mammalian organisms inherit a population of mtDNA that originates from ~200 copies present in the primordial germ cells (Fig. 1) , which are laid down just after gastrulation (8) . These copies are clonally expanded at specific stages during oogenesis so that the mature fertilisable metaphase II oocyte, which is ready for fertilisation by sperm, possesses greater than 180,000 copies of mtDNA. The accumulation of mtDNA in this manner has a two-fold effect. First, it ensures that there are sufficient copies of mtDNA to fuel the process of fertilisation and embryonic genome activation, which takes place at the 2-cell stage in mouse embryos, the 4-cell stage in the pig, between the 4-to 8-cell stage in human, the 8-cell stage in sheep, and between the 8-and 16-cell stage in cattle. Second, it ensures that sufficient copies are present at later stages of development when mtDNA replication is initiated.
The Regulation of Mitochondrial DNA Copy Number and the Establishment of the Mitochondrial DNA Set Point
The regulation of mtDNA copy number during preimplantation development appears to differ between small and large mammals. The mouse preimplantation embryo differs from that of large mammals as mtDNA copy number remains constant and relatively similar to that of the oocyte through to the final stage of preimplantation development, the blastocyst stage (9) . In large mammals, mtDNA copy number is actively reduced during preimplantation development. For example, in pigs (10) and cattle (11) , this represents a reduction of 60 to 70% of the oocyte's starting population as the embryo develops from the 2-cell stage embryo through to the morula stage, the stage prior to the formation of the blastocyst (Fig. 1) . This active reduction in mtDNA copy number likely reflects the considerably higher copy number present in pig and cattle oocytes when compared to the mouse. However, for large and small mammals, each newly divided embryonic cell acquires fewer copies of mtDNA.
Fig. 2. Replication of mutant mtDNA during oogenesis.
The mtDNA randomly segregates to the primordial germ cells following gastrulation. Heteroplasmy refers to a single cell carrying more than one type of mtDNA genome, in this case wildtype (WT) mtDNA and mutant (∆) mtDNA. During oogenesis, mtDNA copy number expands, which accounts for the variable levels of heteroplasmy. This is indicated here by differentially coloured mtDNA genomes present in mature metaphase II oocytes.
Nevertheless, for small and large mammals, once the blastocyst is formed, there are significant increases in mtDNA copy number (9, 10) (Fig. 1) . This increase is specific to the outer trophectodermal cells, which give rise to the placenta. These are the first embryonic cells to undergo differentiation and, most likely, accumulate mtDNA in order to provide sufficient ATP through oxidative phosphorylation to mediate the process of implantation. The cells of the inner cell mass of the embryo, which give rise to the embryo proper and eventually the foetus, continue to reduce mtDNA copy number to precariously low levels so there are very few copies present at this stage. Analysis of mtDNA copy number of embryonic stem cells, which are derived from the inner cell mass and thought to be indicative of pre-grastrulating cells, demonstrates that the dilution of mtDNA copy number continues as these cells maintain their pluripotent state (12) (Fig. 1) . Pluripotency is defined as the state of a cell having the capability to commit to any cell type of the body. Single inner cell mass cells possess between 620 to 1.20 x 10 4 (mean = 4.83 x 10 3 ) copies of mtDNA (13) whilst individual embryonic stem cells possess between 30 and 200 copies (12, 14) , which is similar to the population present in the primordial germ cells. This low number of mtDNA copies is maintained until organogenesis takes place, suggesting that replication is restricted to replenishment of mtDNA as pluripotent cells undergo multiple rounds of division rather than expansion of mtDNA copy number (Fig. 1) . This establishes the mtDNA set point, which ensures that pluripotent and early differentiating cells maintain very few copies of mtDNA (14) (Fig. 1) .
The mtDNA set point is an essential prerequisite to cell differentiation and development. The set point not only ensures that pluripotent cells have the potential to differentiate into all cell types of the body but also it enables these cells to acquire the appropriate numbers of mtDNA during differentiation in a cell-specific manner, once they have committed to a specific fate (12, (15) (16) (17) (Fig. 1) . This then enables each cell type to meet its specific requirements for ATP production through oxidative phosphorylation. As a result, neurons, cardiomyocytes and muscle cells specify large numbers of mtDNA copy; on the other hand, endothelial cells (which primarily rely on glycolysis rather than oxidative phosphorylation for the generation of ATP) have very few copies of mtDNA (Fig. 1) .
Whilst the mode used by cells to replicate mtDNA continues to be hotly debated, the process is mediated by nuclear-encoded transcription and replication factors that translocate to the mitochondria (18) . The process is initiated by the generation of a RNA-DNA hybrid primer, which is cleaved from the long polycistronic transcript that is generated as part of transcription. This small cleaved fragment is then used by polymerase gamma A (POLGA), the catalytic subunit of the mtDNA-specific polymerase, as the primer for mtDNA replication. Although mtDNA replication is assisted by a POLG accessory subunit, POLGB, it is highly dependent on the mtDNA-specific helicase (Twinkle), and the mtDNA specific single stranded DNA-binding protein (19) . It is essential that the expression of these genes is regulated to ensure the tight control of mtDNA copy number during development.
The Epigenetic Regulation of Mitochondrial DNA Replication
Interest in how the nuclear-encoded mtDNA replication factors might be regulated was stimulated by analysis of cloned embryos (20, 21) . One of the key observations showed that when a somatic cell is transferred into an enucleated oocyte, mtDNA copy number within the preimplantation embryo did not decrease, as is the case following natural fertilisation. Furthermore, the expression of the key mtDNA replication factors, POLGA and TFAM, was not silenced as for natural fertilisation, most likely due to the incomplete reprogramming of the somatic cell by the oocyte's cytoplasm during early development. As a result, the small amount of mtDNA accompanying the somatic cell was in some instances preferentially replicated, thus ensuring its transmission through early and later development. Indeed, accompanying somatic cell mtDNA can account for as much as 59% of the cloned offspring total mtDNA content and as little as 0% (22) . These outcomes are very similar to those associated with mtDNA disease, where the inheritance of mutant mtDNA is transmitted in a random manner and can affect families that have had no previous history of mtDNA disease (Fig. 2) . These outcomes also have implications for reproductive strategies that have been proposed to prevent the transmission of mutant mtDNA from one generation to the next (23) . These technologies rely on the transfer of the metaphase II spindle from a mature oocyte of a carrier of mtDNA disease into an enucleated oocyte from an oocyte donor. As a small amount of mtDNA accompanies the metaphase II spindle, the potential for selective replication of the mutant mtDNA and its transmission remains high.
The process of reprogramming ensures that the epigenome of a somatic cell is reset to that of the embryonic genome. Recent studies have shown that at least one of the nuclearencoded mtDNA replication factors is epigenetically regulated, namely POLGA, through DNA methylation (14) . Unlike the normal pattern of DNA methylation where the regulation of gene expression takes place in the promoter region of the gene, POLGA is regulated in exon 2, with DNA methylation being inversely correlated to the expression of POLGA and mtDNA copy number. Most interestingly, this takes place in a tissue-specific manner and accounts for the variability in mtDNA copy number observed later during development and in mature tissues. A key concern with reprogramming is its failure to regulate mtDNA copy number in the pluripotent state. This is not just restricted to cloned embryonic stem cells but to those somatic cells induced to pluripotency through viral delivery of pluripotent factors. As a result, these cells do not establish the mtDNA set point and characteristically fail to expand their mtDNA copy number during differentiation (17) . They also exhibit aberrant patterns of DNA methylation for POLGA in exon 2 (14) .
Conclusion
The copy number of mtDNA is strictly regulated in a tissue-specific manner during development. This has important consequences for its transmission. For example, it ensures that oocytes have large numbers of mtDNA copy, which are present to fuel the process of fertilisation by providing sufficient ATP. As replication is not
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Mitochondrial DNA Replication in Gametes, Embryos and Early Development upregulated during early development, it is essential that enough mtDNA copy is present to ensure that the early embryonic cells at gastrulation are not barren of mtDNA. This process is mediated by nucleus-encoded genes, which are epigenetically replicated. This has a significant consequence: whilst this genome of bacterial origin (having invaded our cells billions of years ago) is important for the sustainability of the cell, its own survival is dependent upon the epigenetic regulation of nucleus-encoded genes whose protein products translocate to the mitochondria to ensure that mtDNA replication is strictly regulated. Consequently, these genomes which co-habit within our cells are under the control of the chromosomal genome; further, it is at the behest of the cell as to whether its mitochondrial genomes are propagated in a significant manner or not. However, in normal circumstances, the mitochondrial genome is recycled from one generation to the next through the maturing oocyte with approximately 200 copies being the unit of inheritance.
